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Introduction
The human body requires a small amount of salt to work properly, while too much of it can be detrimental to its health. Excess salt (sodium chloride) consumption has been associated with many adverse health effects, including hypertension and cardiovascular mortality in epidemiological and clinical studies (World Health Organization) [1, 2] . Sodium and chloride ions can transfer across the placental barrier mainly by passive diffusion [3, 4] .
Having high-salt diet during pregnancy may affect the development of the heart in the fetus [5] .
The heart is the first organ that becomes functional in the vertebrate embryo. Its development mainly consists of cardiac progenitors of the splanchnic mesoderm (primary and secondary heart field), cardiac neural crest, and the pro-epicardium (PE). Organisms need sodium chloride to maintain a normal and stable osmolarity of the tissue extracellular environment and balanced homeostasis. Osmolarity determined by solute concentration is defined as the number of osmoles (Osm) of solute per litre (L) of solution, such as sodium chloride, which is dissociated into Na + and Cl − . While our body requires a certain amount of salt to work properly, too much of it is bad for health. A report summarizing 13 studies from eight countries concluded that a high salt diet is closely related to cardiovascular events [6] . [21] . Cell viability was indirectly established by the ratio of the absorbance value of 300mOsm/L high salt, high salt+114μM (=20μg/ml) VC or high salt+228μM (=40μg/ml) VC-treated cells relative to the control (240mOsm/L) [22, 23] . The final results were determined from analysing five independent experiments.
Scratch wound migration assay
A "scratch wound" was created by scraping a monolayer culture of H9c2 cells using a sterile 10 μL pipet tip and the length of the wound gap was measured using Image pro-Plus software as described previously [24, 25] . The assays were performed three times using triplicate culture wells.
Immunofluorescent staining and Hochest/PI staining
Chick embryos were harvested and fixed in 4% paraformaldehyde solution overnight at 4°C. The fixed embryos were implemented according to a standard protocol [25] .
Whole-mount embryos were performed using the following primary antibodies: MF20
(1:500, DSHB, USA), E-cadherin (1:50, BD Transduction Laboratories, USA), N-cadherin
(1:50, DSHB, USA), Laminin (1:100, DSHB, USA); pHIS3 (p-histone H3, 1:400, Santa
Cruz Biotechnology, USA) and C-caspase3 (Cleaved Capase-3, 1:200, Cell Signaling, USA).
Then embryos were incubated with labeled secondary antibodies at room temperature for 2 hours. Nuclei were stained after incubation with DAPI (1:1000, Invitrogen, USA) for 1 hour.
For Hochest/PI staining, the cells were cultured and washed twice with cold PBS, and then incubated with Hochest/PI for 45 min at 37°C in the dark. The photography and cryostat microtome were performed as previous reported [18, 25] .
In situ hybridization
Whole-mount in situ hybridization of chick embryos was performed according to a standard in situ hybridization protocol [26] . Briefly, digoxigenin-labeled probes were synthesized for VMHC [17] 
RNA isolation and quantitative PCR
Total RNA was isolated from HH4, HH7and HH10 chick embryos using a Trizol kit (Invitrogen, USA) according to the manufacturer's instructions and performed as described previously [28, 29] .
Measurement of ROS
To assess the extent of oxidative stress caused by high salt, samples from HH7 and HH10 chick embryos or primary cardiomyocytes were homogenized and analyzed for SOD (superoxide dismutase), GSH-Px (glutathione peroxidase) and MDA (malondialdehyde) [30] . The protein content of the chick embryos or primary cardiomyocytes was performed as pervious reported [31] .
Quantitation of apoptotic cells
Annexin V-FITC (BD Bioscience, USA) and Propidium Iodide (PI) double staining were used to identify and quantify apoptotic chick myocardial cells [31] .
Data analysis
Statistical analysis for all the experimental data generated was performed using a SPSS 13.0 statistical package program for Windows as pervious reported [21, 23, 31] .
Results
High salt disrupted the heart tube morphology in gastrula chick embryos.
There are three crucial phases from fertilized egg to gastrulation: primitive streak (HH4), primitive heart field (HH7) and primitive heart tube (HH10) ( Some atypical C-looping of the heart tubes were evident in the embryos treated with high salt (Fig. S1F ). According to phenotype, they were divided into four classifications: 1D-D2), and all were stained with MF20 antibody. Furthermore, there were some delay in the formation of heart tubes in 280 and 300 mOsm/L salt groups (Figs. 1E-E2), which had not formed any C-loops when they died. In the 240 mOsm/L salt-treated embryonic heart, the heart tubes are fully C-looped. In contrast, some heart tubes treated with high-salt presented in varying degrees of deformities（Fig. 1F）, of which the 300 mOsm/L high-salt exposure had the most serious impact on formation of the heart tube. Time-lapse microscopic recording of the process of heart tube formation from HH7 to HH10 treated with 240 and 300 mOsm/L salt (Supplemental movie).
High-salt exposure caused heart tube malformation by interfering with EMT during chick gastrulation.
To detect the effects of high salt exposure on the first phrase, primitive streak in HH4
stage, chick embryos were cultured as shown in Fig. S2A . Results showed that 300 mOsm/L high-salt exposure retarded the chicken embryos development and caused heart tube malformation (Figs. S2B-F).
Cardiogenic cells undergo EMT, which are located in the bilateral heart fields in the anterior lateral plate mesoderm ( Fig. 2A) . Here, E-Cadherin in control group was mainly Additionally, the cell cycle is a vital process by which a single-celled fertilized egg develops into a mature organism. In high-salt group, the expression of Rac1 was down-regulated;
CDC42, P21 and CyclinD1 were up-regulated analyzed by quantitative PCR (Fig. 2N ).
High-salt treatment repressed cardiomyocyte migration during gastrula chick embryo development.
To verify the effects of high salt exposure on the formation of primitive heart field, the chick embryos were exposed to high salt from HH4 to HH7 ( The images show that the cardiac muscle cells exposed to high-salt partly lost their migratory capability, and were accompanied by a loss of cell polarization ( Moreover, quantitative PCR data showed more gene expression alterations induced by high-salt exposure, which is down-regulated GATA4/5/6, Nkx2.5, VMHC. ISL1, TAL1, etc., up-regulated Wnt3a and β-catenin in HH7 chick embryos exposed to high-salt (Figs. 4C-D) .
The stage of HH7 to HH10 is the major phase of cardiac precursors' differentiation. To further investigate the effects of high-salt exposure on differentiation, the embryos were cultured as shown in Fig. S5A . The results illustrated that high-salt exposure disturbed the differentiation of cardiac precursors and resulted in abnormal heart formation (Figs. S5B-F).
To address the possible mechanism about high-salt exposure-induced phenotypes, we further detected the expression of genes related to heart tube formation using quantitative PCR. We displayed that the expression of cardiomyocyte differentiation-related genes (GATA4/5/6, BMP2/4, Fgf8/10, Nkx2.5, and Tbx20) was significantly down-regulated in high-salt treated HH10 chick embryos compared to control (Figs. 4E-F). All data imply that high-salt exposure certainly caused the alteration of crucial gene expressions for heart tube formation during early embryo development, which in turn effected the differentiation of cardiac progenitor cells.
High salt exposure inhibited cell proliferation and promoted apoptosis.
Cardiac cell proliferation and apoptosis during embryonic and fetal development are associated with congenital heart malformations and myocardial defects [40, 41] . To investigate the involvement of cell proliferation and apoptosis in the malformation of heart tube exposed to high salt, we performed double immunofluorescent staining for MF20 and 
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High-salt exposure inhibited cell proliferation and promoted apoptosis through excess
ROS.
In our previous, we have found that excess ROS affected cell proliferation, as well as apoptosis and resulted in embryonic cardiovascular dysplasia [9] . To further explore whether the influence of excess ROS on proliferation and apoptosis, we employed the H9c2 cells cultured in vitro in presence of high salt. First, we used H9c2 cells to establish whether VC, an antioxidant compound, could be used to rescue the cells from the effects of high-salt exposure. In the presence of high salt, H9c2 cells viability rate was significantly reduced at 36-hour but could be rescued by different doses of VC (Fig. 6A) . Next, we exposed the chicken cardiac muscle cells with high salt and found that the ROS generation was significantly increased after 36-hour. To study this correlation, VC was added together with high salt and the ROS generation was reduced to some extent (Fig. 6B ). In our previous study, we found that 2,2-azobis (2-amidinopropane) dihydrochloride (AAPH, a free radicals generator) induced excess ROS [17, 42] and AAPH-treated embryos developed cardia bifida with two cavities [20] . Then we performed immunofluorescent staining for pHIS3 and PI/Hochest with cells exposed to 300 mOsm/L high salt. The result revealed compared with control group, the pHIS3 + cells cultured with high salt and AAPH were fewer (Figs. 6C-D) .
And the PI + cells, labeled with dead cells were much more (Figs. 6E-F ). In addition, by using flow cytometry, we found that apoptosis of chick cardiac muscle cells dramatically High salt through excess ROS production disturbed the specification, migration, differentiation and fusion of the heart tube.
Excess ROS generation in tissues and cells is always cytotoxic [43] . To further explore the influence of excessive ROS production on embryonic cardiovascular dysplasia, we employed HH7 and HH10 chick embryos, treated with 240, 300 mOsm/L salt, AAPH and 300 mOsm/L salt with the addition of VC. SOD, GSH and MDA activity assay kits are used to determine the activities of SOD, GSH and MDA in HH7 chick embryos. GSH is a reducing agent oxidized with ROS to GSSG. The results show that both activities of GSH and SOD reduced in presence of high salt; MDA activity in presence of high salt increased and fell back after addition of VC (Fig. 7A) . The results of quantitative PCR data show that high-salt exposure increased the expression of ROS-related genes, including SOD1, SOD2, GPx and GLR, VC had rescued effect on the HH7 chick embryos, which was the further evidence that ROS was increased by high-salt exposure (Fig. S6A) . The results of western blotting showed that the high-salt exposure dramatically inhibited GATA4, GATA6, TBX5
and Mef2c expression at HH7, while AAPH just inhibited GATA4 and TBX5 at protein level. The decrease induced by high salt could be rescued by addition of VC (Figs. 7B-B' ).
Moreover, quantitative PCR data showed more gene expressions' alterations induced by high-salt exposure. High-salt and AAPH exposure reduced the expression of Zic3, GATA4/5/6, TBX20, Nkx2.5/2.3/2.6, Myocardin, VMHC, Hopx, Fgf8/10, SRF, ISL1 and TAL1, while it induced the expression of BMP2/4, Wnt3a and β-catenin. The abnormal expression of genes after the addition of VC reflects a return to some level of normalcy (Figs. S6B-C). Next, we also examined the ROS production of HH10 chick embryos at protein ( Fig. 7C ) and mRNA levels (Fig. S6D) . The date showed that the ROS was activated with high-salt treatment at the period of cell differentiation and heart tube fusion. We Since VC was valid in rescuing the genes expression related to the formation of heart tube, we cultured the embryos to investigate whether excess ROS could also inhibit the growth of embryos and induce cardia bifida (Figs. 7E) . From the result, we could found that the development of embryos and embryonic mortality was clearly improved after VC addition compared with high-salt treatment, but it was slightly severer than that of control groups (Figs. 7G-J) . Importantly, the morphological observation of heart tube at HH10 also showed that addition of VC significantly rescued the malformation of heart tubes, 80% of the high-salt treated heart tubes could be fused with the addition of VC (Fig. 7K) .
Discussion：
High-salt exposure in pregnant rats has been shown to cause a long-term negative impact on vascular development in their offspring [44] . The offspring of high-salt diet-fed dams had lower blood pressure and heart rate, indications of both left ventricular systolic and diastolic function, and a decreased aortic vasodilation response to NO, which indicated organic damage to the heart [45]. During embryogenesis, the heart is the first organ to be developed. Severe developmental defects and malformation in the heart could cause the death of embryo. It is not clear whether the morphology and molecular biology of the heart tube are affected by high-salt exposure during the gastrula period. Congenital heart malformations and myocardial defects are related to cardiac cell proliferation and apoptosis. Various studies have illustrated that excessive ROS could induce inordinate apoptosis. In this study, high-salt treatment inhibited cell proliferation and promoted apoptosis, the results of cardiomyocytes (Figs. 6C, E) and chick embryos' heart malformation are similar to that of AAPH (an inducer of free radicals) [20] , which demonstrated that high-salt might through generating excess ROS production to induce heart deformity. Furthermore, this study found that excess ROS is responsible for a significant disturbance to gene expression by exposing chick embryos to AAPH in a similar manner to embryos treated with high-salt [20] , both of which could suppress the expression of key cardiogenic transcription factors, especially GATA4/5/6, Nkx2.5, Tbx5 and Mef2c, and combination of Vitamin C application with high-salt could rescued high salt-induced reduction to some extent (Figs. 4 and 7) . The results confirm that high-salt exposure could inhibit cardiac progenitor cell differentiation. Most importantly, adding Vitamin C to high-salt treatment from HH0 to HH10, dramatically improved the development of embryos and of heart tube, reduced the generation of deformities (Fig. 7E) , which further supports the conclusion that high-salt exposure generated excessive ROS production and led to discorded cardiac-related gene expression, which detrimentally effected EMT, cell migration, cell differentiation, fusion, cell proliferation and apoptosis, which eventually induces heart tube malformation (Fig.8) .
To eliminate the osmotic stress effects, mannitol was used as an osmotic pressure-matched control for high-salt treatment [18, 40, 41, 43] . From the result we found that except the effect of osmotic pressure, high-salt exposure had even bigger impact on the growth of chick embryos and caused more serious heart tube malformation (Fig. S7 ).
Culturing embryos during HH4-HH7 with high-salt had serious negative effects on heart tube morphogenesis (Fig. S3) , notably, on the embryo mortality classification of the heart tube at HH10. Perhaps the stage of HH4 to HH7 is the vital one of cardiac precursor cell migration and differentiation, which plays an irreplaceable role in the embryonic development. As for culturing form HH0 to HH4 with high-salt, the disturbed EMT process can be saved to a certain extent in the following process; as for culturing form HH7 to HH10 with high salt, it mainly affects the cell differentiation. Thus, the proper and synchronized migration and differentiation of the cardiac progenitor cells in mesoderm-derived primary heart field is the key to normal heart tube development. 
